A numerical and experimental analysis of semi-active (SA) control strategies for controlling seismic-excited structures is presented. A physical model consisting of a two degree-of-freedom (2DOF) mechanical system with a magneto-rheological (MR) damper was developed to evaluate this concept at LNEC's shaking table. Linear elastic and viscous models were used to describe the mechanical behavior of the 2DOF mechanical system. A Modified Bouc-Wen model was used to describe the behavior of the MR damper. Four distinct control strategies were implemented for numerical and experimental evaluation. The associated controllers were tuned using the system model and the ground motions information. The strategies were the integral control law, two linear quadratic regulator strategies and a predictive controller, in conjunction with a clipped on-off algorithm. In both the numerical and experimental tests the results reveal that the response of the structure is effectively mitigated by all of the analyzed control methods. It is shown that SA systems can outperform the original structure as well as one using the best passive solution for most of the strategies. The integral control law exhibits the best performance when collocated control was considered. If more responses are available for control, the linear quadratic regulator technique exhibits even better performance.
Introduction
Civil engineering structures design has always been a challenge. Structures of main importance, such as hospitals, energy power stations, communication centers, civil protection and fire station buildings, which are vital to be kept operational during and immediately after the occurrence of an earthquake require a special attention in designing.
Thus, innovative systems for structural protection of structure when subjected to earthquakes have been developed: passive, semi-active (SA), active and hybrid systems [1, 2] .
A particular type of passive system that has been commonly implemented recently is the base isolation concept. The idea consists in decoupling the main structure (superstructure) from the foundation in order to reduce the potential for structural damage and increase equipment safety by reducing the transmission of seismic forces and energy to the main structure [3] . Base-isolated structures with semi-active systems (hybrid systems) have been receiving much attention in recent years for improving the performance of structures against earthquake loads [4, 5] . Magneto-rheological (MR) and fluid viscous dampers (FVD) are some of the typical semi-active devices used in these situations [6, 7] . The idea consists in changing the damping characteristics in real time between an upper and a lower limit by offering similar reliability to passive control devices and maintaining the adaptability of active control systems with low power requirements [2, 7] . Although very attractive in terms of energy consumption and generated forces, when as associated with the structure leads to a nonlinear system (structure plus device) with bounded inputs. The analysis and design can be performed using a set of available procedures: i) Lyapunov based methods [8, 9] ; ii) maximum energy dissipation algorithm and the modulated homogeneous friction algorithm [8, 10] ; iii) sliding mode control [11] ; iv) quantitative feedback theory and backstepping control technique [12] ; v) intelligent paradigms, like neural networks or fuzzy-logic [13] ; vi) and force-tracking, consisting of a controller to derive a desired force and an algorithm to adjust the control variable, like optimal control [8, 13] , proportional plus integral control [14] or the force derivative feedback control [15] , are typical controllers used for this purpose.
For this work a numerical and experimental analysis of semi-active (SA) control strategies for controlling seismic-excited structures was performed. Several control strategies were examined and compared with the best passive case. A physical model consisting of a two degree-of-freedom (2DOF) mechanical model with MR damper was developed to evaluate this concept at LNEC's shaking table. Numerical and experimental results obtained for the original structure and for passive cases were used for comparison with the SA cases, in terms of performance resulting from several input ground motions The experience accumulated in designing semi-active systems can be used to implement the technology in real civil engineering structures.
Structural System and control device
The structural model developed (Fig.1) is a 2DOF mechanical system representative of typical base isolated buildings excited by one dimensional earthquake loads, consisting of two masses (mi & ms) and two springs (ki & ks). The model is intended to reproduce the characteristics of a typical base isolated building, a typical 10-storey dual frame-wall structure with a fundamental frequency fs1=1,6 Hz and a structural damping ratio of ξ1=5 % (first mode, fixed base characteristics) supported on a base isolation system with a mass mb=1,4·mf (with mf as the mass of each floor) and laminated rubber bearings with a target frequency fb=0,4 Hz and an equivalent damping ratio of ξb=10 %, which are representative of typical base isolated structures. A MR damper was attached between the ground and mass mi to increase the system damping. This device was operated by the data acquisition and control system using the information provided by the sensors, i.e. 1 force transducer (MR damper force measurement), 3 accelerometers (input ( x g), mass mi ( x i) and mass ms ( x s) accelerations) and 3 displacement transducers (input (xg) displacement, relative displacement between mass mi and ground (xig) and relative displacement between mass ms and mass mi (xsi)). The reference signal for the shaking table was also defined on the data acquisition and control system. This equipment also allows the implementation of the control strategies and the measurement of the intended quantities. A schematic view of the system, as well as the developed mechanical model and the corresponding discretized model are depicted in Fig.1. 
2DOF model
The 2DOF model was developed in order to mach the first two modal characteristics (frequency and damping ratio) as well as the anti-resonance (fixed base frequency) were similar with the ones of the base isolated building. It consists of two springs having a total stiffness ki that link the ground to mass mi, and second pair of springs with a total stiffness ks that link the mass mi to mass ms. The masses are supported by roller bearings over the shaking table platform. The system damping will result from the damping associated with this mechanism that shall be due mainly to the rolling friction. The springs were tested in a universal testing machine where the force and displacement were measured using a traceable measurement chain. Springs ki have around 180 mm of diameter, 370 mm of free length, a coil diameter of 13.5 mm, and were tested in compression in the range of 190 mm and 3.5 kN. Both springs ks have a free length and diameter around 300 mm, a coil diameter around 38 mm, and were tested in compression up to 90 mm and 19 kN. The linear model f=k·x fit well to the data obtained. The values were: ki=33.8 N/mm; ks=406.9 N/mm. Masses mi and ms were adjusted to fit the intended natural frequencies, resulting in: mi=1790 kg; and ms=3950 kg.
The equations of motion that describe the mechanical behavior of the 2DOF structural system in the spatial form as well as the model described in the state-space form are: where: Ms, Cs and Ks are the mass, damping and stiffness matrices respectively; 1 is a unitary column vector; fad is the force provided by an additional device installed at the base; x g is the input absolute acceleration at the base (ground); and xrg={xig xsg} T is the vector of relative displacements of the DOF to the ground: xig=xi-xg; xsg=xs-xg; z={xrg x rg} T is the state vector; y is the output vector defined according to the quantity required for output through the matrices C and D; 0 is a null matrix or a null vector and I is the identity matrix. A damping matrix proportional to the mass is assumed since the developed physical model dissipative forces are mainly due to the rolling friction located at those DOFs.
The physical model was installed on the shaking table as depicted in figure Fig. 1 , without the SA device, and was subjected to a campaign of tests in order to identify its modal properties. A white-noise signal (duration of 360 s passed through a higher-pass filter at 0,2 Hz and integrated once) was used as the reference displacement for the shaking table (peak values of 22 mm/7.1 m/s 2 ). Scale factors from 0.6 to 1 were applied to the reference signal. The frequency response functions (FRFs) were evaluated (H1 estimator) using the measured time data and the results can be found in Fig. 2(a) . A small dependence of the input magnitude on the system behavior, namely on the natural frequencies and damping is observed. To identify the system modal properties, the experimental model consisting on the frequency response functions in terms of accelerations and relative displacements to the ground, were used to obtain the parameters of the continuous time model in equation (1) . The prediction-error minimization method available at Matlab was used for that purpose. A Rayleigh damping model (Cs=α·Ms) was used to describe the dissipative mechanism. In the identification process the model parameters mi and ms were assumed to be invariant and the other parameters, ki, ks, ci and cs were the selected unknown. From the identified modal properties: f1=0.4 Hz; ξ1=5.2 %; f2=3.03 Hz; and ξ2=0.7 %; the resulting identified model parameters were: mi=1790 kg; and ms=3950 kg;
ki=3.8x10
4 N/mm; and ks=4.3x10 5 N/mm; and α=0.3 /s. A comparison between the experimental FRFs and the regenerated ones using the mathematical model with the identified parameters can be found in Fig. 2(b) , for the maximum input signal magnitude. A good agreement is found between the experimental and the spatial model data. 
SA device
A MR damper model RD-8041-1 with a current controller RD-3002-03 manufactured by LORD Corporation (http://www.lord.com) was used as the SA device in this work. The damper has a stroke of 74 mm and can reach up to 1.5 kN at 0.2 m/s for a current in the coils of around 2 A. A constant voltage power supply capable of producing at least 2 A of current was used.
To describe the mechanical behavior of the damper the Modified Bouc-Wen model [16] (2) where: k0 is an elasticity due to the internal accumulator used to compensate the volume variations in single ended dampers; f0 is an offset force due to the accumulator, for the same reason; c0 is the post-yield damping coefficient; kw is the yield force; ρ, σ and n are parameters used to model the hysteresis loop; xr is the relative displacement between damper ends; w [-1,1] is an internal variable (normalized) used to describe the force-velocity hysteresis; parameters k1 and c1 as well as the variable y are used to model the force roll-off at lower velocities. The different magnetic field strengths will be achieved by the dependence of some parameters with the applied input voltage V and relative In order to characterize the mechanical behavior of the assembly (damper plus current controller) several tests were performed: i) static tests at several displacement points to identify the static components of the device; ii) dynamic tests, under a stationary regime in the whole displacement range, and under a transient regime, to identify the stationary and transient components of the device. The tests were performed on a universal testing machine as depicted in Fig. 3(a) . The static test consisted in the application of three displacement cycles between -34 mm and 34 mm in steps of 8.5 mm and from the force-displacement data the following values were identified: stiffness k1=0.987 N/mm; and the offset force f0=-139.831 N. The dynamic tests in the stationary regime consisted in subjecting the device to sinusoidal displacement waves (10 cycles of 6.25, 12.5 and 25 mm amplitude with frequencies from 0.25 Hz to 2 Hz) and from the force-displacement and force-velocity data identify the Modified [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] ; for these last parameters a set of tables relating the model parameters with the input voltage and peak velocity were implemented, and intermediate values were calculated using linear interpolation. The dynamic tests under the transient regime used a triangle displacement signal and imposed step voltage to the damper between inversions (12,5 mm of amplitude, frequencies from 0.25 Hz to 0.75 Hz, and input steps from 0 V to 5 V and 5 V to 0 V) to identify the response time of the damper. The average time constant taking into account all the tests was found to be τ=21 ms. After model parameterization the model a comparison between the experimental data and the model data was performed, as depicted in Fig. 3(b) , showing a good agreement between experimental and numerical data. 
Semi-Active controllers
The semi-active controllers considered in this study were: ICOO -integral controller with an on-off algorithm; LQRCOO and LQR2COO -linear quadratic regulators with an on-off algorithm; MPCCOO -Model predictive controller with an on-off algorithm. These controllers are of the force feedback type, which use a linear controller to calculate a desired force fd, using the feedback information (measured responses), which is then used to compute (algorithm) the input voltage V of the device using the feedback information of the device (measured force). The following sub-sections describe the SA controllers.
ICOO
The output of the controller or the desired force fd is given as:
where: g is the controller gain; x i and x i are the absolute acceleration and velocity at the base floor respectively.
The control variable, i.e. the input voltage for the MR damper is calculated using a clipped on-off algorithm [8] using the Heaviside step function H[·]:
LQRCOO & LQR2COO
This controller computes a control signal that is proportional to states of the system. Assuming that the system is subjected to white noise excitation with zero mean E[w]=0 and known variance E[w·w T ]=w0, the performance index ) where: Kc is the controller gain; P is the solution of the algebraic Riccati equation.
As in the previous strategy, the control variable is evaluated by equation (4). With LQRCOO strategy, a reduced version of the model in equation (1) accounting only the first mode of vibration is considered in the controller synthesis. The weighting variables are the mass mi acceleration ( x i) and the input desired force (fd). On the other hand, in LQR2COO the whole model in equation (1) is considered in the controller synthesis and the weighting variables are both accelerations ( x i and x s w/equal gains) and the input desired force (fd).
MPCCOO
A predictive controller was also considered here to evaluate the desired force of the device. The idea was to predict future outputs from actual measurements and past inputs using the system model (predictor), then compare the outputs with the reference and determine input trajectories (optimizer). The formulation for this controller was already presented in [17] , whose solution is given by:
where: ΔFd(k) is the vector of future force input moves at instant k; Θ is the matrix function of the model parameters; E(k) is the tracking error at instant k; Qmpc and Rmpc are weighting matrices. Δfd(k) is the first term of ΔFd(k) that will be used to evaluate the desired force fd(k)=fd(k-1)+Δfd(k). Again, as in the previous strategies the control variable is evaluated by equation (4), a reduced version of the model in equation (1) accounting only the first mode of vibration is considered and the weighting variables are the x i and Δfd.
Results
Numerical simulations and experimental tests were performed in order to evaluate the performance of the system with each strategy. Several input ground motions were considered: Type 1 & 2 accelerograms for the Portuguese territory [17] and recorded ground motions [18] . Before laboratory experiments were carried out, numerical simulations were performed using the identified model and the specific semi-active control strategy to identify the best controller parameters. The minimum of mean peak mass ms acceleration x s was the criteria used to identify the controller parameters. The following values were obtained: integral controller, g=13777 N/m; LQR, q=2x10 7 kg·s, r=1 s/kg; LQR2, q=1.17x10 7 kg·s, r=1 s/kg; MPC, q=1448 kg 0.5 ·s, r=1 s/kg 0.5 . In table 1 are presented the results of numerical simulations and experimental trials resulting from a type 1 accelerogram, a type 2 accelerogram and the Kobe earthquake, at 15%, 32% and 13% of magnitude respectively. The results are presented in terms of ratios of peak responses of each variable for each solution in relation to the peak responses obtained with the original structural system (no devices): Rxig, and Rxsi for the relative displacement; Rai and Ras for the accelerations; Rao, average of the four ratios; for the original structure these parameters take the unitary value and the absolute peak values are also presented (in brackets). The ratio of peak force relative to the structure weight is also shown Pf/W. In the table are also presented the results for the damper in passive mode with 0 V, 1 V and 5 V, corresponding to the minimum passive case, the one for the minimum peak acceleration x s, and the maximum passive case.
Looking into the data it can be observed that in general the passive solution with maximum input voltage Pass5 lead to the highest reductions at x ig but at the expense of increasing the other responses. The semi-active strategies perform better than the passive Pass1 case, and also better than the original structure. Some differences were found between the numerical and experimental data. However they follow the same trends. LQR2COO is the best performer and ICOO is the following one. ICOO is an interesting solution if a collocated control is employed. For this strategy in particular, a comparison between the experimental and numerical FRFs are presented in Fig. 4 , showing a good agreement in general terms. Although, slightly differences on the magnitude of the first mode of vibration in terms of relative displacements can be observed. Anyway, the modal quantities, frequencies and damping ratios are very close to each other.
Conclusions
Several control strategies have been used for a comparative analytical and experimental study on a 2DOF system equipped with a MR damper. The overall objective was to validate the effectiveness of the proposed control strategies in reducing the responses of base-isolated structures when subjected to earthquake loads. Firstly, the mechanical system as well as the MR damper were modeled, and good agreement between the numerical and experimental data was found. Then the proposed controllers were tuned using the identified models and a set of representative ground motions. Finally, numerical and experimental trials were performed and similar performance trends were found. The passive case at maximum damping showed to be the best in reducing the base relative displacement but at the expense of increasing the other responses. The SA strategies performed better than the best passive case, and the LQR2COO exhibited the best performance, followed by the ICOO strategy. These one should be selected if collocated control is required. The results demonstrate that SA systems are viable for this subject. 
